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The epithelial cells of the airways are the target cells for respiratory syncytial virus (RSV) infection and the site of the majority of the
inflammation associated with the disease. Recently, peroxisome-proliferator-activated receptor g (PPARg), a member of the nuclear hormone
receptor superfamily, has been shown to possess anti-inflammatory properties. Therefore, we investigated the role of PPARg agonists (15d-PGJ2,
ciglitazone and troglitazone) on the synthesis of RSV-induced cytokine release from RSV-infected human lung epithelial cells (A549). We
observed that all PPARg ligands inhibited dose-dependently the release of TNF-a, GM-CSF, IL-1a, IL-6 and the chemokines CXCL8 (IL-8) and
CCL5 (RANTES) from RSV-infected A549 cells. Concomitantly, the PPARg ligands diminished the cellular amount of mRNA encoding for IL-6,
CXCL8 and CCL5 and the RSV-induced binding activity of the transcription factors NF-nB (p65/p50) and AP-1 (c-fos), respectively. Our data
presented herein suggest a potential application of PPARg ligands in the anti-inflammatory treatment of RSV infection.
D 2005 Elsevier Inc. All rights reserved.Keywords: Cytokines; Chemokines; A549 cells; RSV; NF-nB; AP-1; PPARg; Ciglitazone; Troglitazone, 15d-PGJ2Introduction
Respiratory syncytial virus (RSV) is worldwide the major
causative agent of severe lower respiratory tract disease and
death in infants (Hall, 2001). Currently, despite nearly five
decades of intensive RSV research, there exist neither an
effective active vaccine nor a promising antiviral and anti-
inflammatory therapy (Kimpen, 2001; Kneyber et al., 2000).
Only the prevention of RSV infection by passive immunization
with a humanized monoclonal antibody (palivizumab/Synagis)
is highly effective (IMPACT-RSV Study Group, 1998).
However, due to cost-effectiveness analyses, the application
of palivizumab was only recommended for infants born with a
gestational age of 32–35 weeks.
Evidence accumulated that RSV by expressing distinct
molecules might be able to manipulate the innate immune
response of the host (Tripp et al., 2001; Arnold et al., 2004;
Conzelmann, 2005). Quite recently, we observed that lung
endothelial cells might also become productively infected with0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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upregulation of their intercellular adhesion molecule-1 (ICAM-
1) cell surface amount (Arnold and Ko¨nig, 2005). Neverthe-
less, the respiratory epithelial cell is the principal target cell for
RSV infection, and it is well accepted that these cells form not
only a passive physical barrier to the environment but also
contribute to the first native defense in the course of the innate
antiviral immune response (Garofalo and Haeberle, 2000). It
has been shown that RSV infection leads to a prominent
upregulation of ICAM-1 (Arnold and Ko¨nig, 1996) and class I
major histocompatibility complex (MHC-I) molecules (Gar-
ofalo et al., 1996b) on the cell surface of lung epithelial cells.
Furthermore, proinflammatory and immunomodulatory cyto-
kines (interleukin (IL)-1a, IL-6, IL-11, granulocyte-macro-
phage colony-stimulating factor (GM-CSF), tumor necrosis
factor a (TNF-a)) as well as CC and CXC chemokines
(CXCL8 (IL-8), CCL5 (regulated on activation, normal T cell
expressed and secreted/RANTES), CCL2 (monocyte chemo-
tactic protein-1/MCP-1) and CCL3 (macrophage inflammatory
protein-1a/MIP-1a)) are produced by lung epithelial cells
following RSV infection (Noah and Becker, 1993; Arnold et
al., 1994; Elias et al., 1994; Olzewska-Pazdrak et al., 1998;
Monick et al., 2003). These mediators help to recruit and6) 427 – 439
www.e
Fig. 1. PPARh and PPARg expression by human A549 cells. (A) RT-PCR
analysis of PPAR expression by A549 cells. RNA was extracted, reverse
transcribed and amplified with specific primers for PPARs and GAPDH
Products are separated on 1.2% agarose gels, stained with ethidium bromide
and photographed. Lane 1, 100-bp DNA ladder; lane 2, GAPDH (307 bp)
PPARh (484 bp) and PPARg (474 bp), respectively. (B) PPARg expression
determined by FACS analysis. Data are shown as relative fluorescence intensity
(on a logarithmic scale, x axis) and number of cells ( y axis). The isotype
control is shown by dotted line. Both overlaid distribution histograms show
constitutive intracellular expression of PPARg (thin lines). The intracellula
amount of PPARg increased 36 h postinfection (thick line). Representative
histograms are shown (n = 2).
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these mediators like IL-1a may further activate the RSV-
infected epithelial cell in an autocrine fashion (Garofalo et al.,
1996b; Patel et al., 1998). Accumulating data indicate that the
amount of chemokines, i.e., CCL5 and CCL3 in nasopharyn-
geal and tracheobronchial secretions of humans, correlates with
the severity of illness during RSV infection (Hornsleth et al.,
2001; Welliver et al., 2002). Obviously, both the induced
protective inflammatory response and the RSV-mediated
cytotoxic response contribute to the resulting cell damage of
the respiratory epithelium. Therefore, to reduce the detrimental
exaggerated inflammatory response in the course of severe
lower respiratory tract infection might be of therapeutical
value.
Peroxisome-proliferator-activated receptors (PPARs) are
ligand-activated transcription factors which form a subfamily
of the nuclear receptor gene family consisting of three
isotypes: PPARa, PPARh and PPARg (Evans, 1988). They
were first identified as regulators of the lipid and glucose
metabolism (Lee et al., 2003). In addition, a growing body of
evidence suggests that activated PPARg might also possess
anti-inflammatory and immunomodulatory capacities (Daynes
and Jones, 2002; Clark, 2002). The expression of PPARg
was reported in human lung epithelial cells (Michael et al.,
1997). In vitro studies have shown that the activation of
PPARg led to a significantly reduced secretion of CXCL8
protein from cytokine-stimulated A549 epithelial cells (Wang
et al., 2001). Similarly, the presence of PPARg agonists
reduced the cytokine release from endothelial cells (Marx et
al., 2000), adipocytes (Ruan et al., 2003), and monocytes/
macrophages (Jiang et al., 1998b). Furthermore, the exoge-
nous addition of PPARg ligands dampened the inflammatory
process in several in vivo lung inflammation models (Woerly
et al., 2003; Honda et al., 2004; Genovese et al., 2005).
Therefore, the objective of the present study was to assess
whether PPARg agonists might be able to influence the
cytokine release from RSV-infected human A549 lung
epithelial cells.
In the present work, we demonstrate that the natural
ligand 15-deoxy-D12,14-prostaglandin J2 (15d-PGJ2) as well
as the synthetic antidiabetic thiazolidinedione (TZD) deriva-
tives ciglitazone and troglitazone inhibited the RSV-induced
release of IL-1a, IL-6, GM-CSF and TNF-a from A549
cells in a dose-dependent manner. In addition, the release of
the chemokines CXCL8 and CCL5 was significantly
reduced. Similarly, primary human bronchial epithelial cells
pretreated with the PPARg agonist under study responded
with a markedly reduced release of IL-6 and CCL5
following RSV infection. The inhibitory effect of PPARg
activation occurred, at least partly, at the level of gene
expression as shown by real-time RT-PCR. An explanation
for this global inhibitory effect is provided by the
concomitantly reduced binding activity of NF-nB and c-fos
in RSV-infected epithelial cells. In summary, these findings
suggest that PPARg agonists might be used for an anti-
inflammatory therapeutic strategy in the course of primary
RSV infection.Results
Expression of PPARb and PPARc in A549 cells
To verify whether the isoenzymes PPARh and PPARg are
expressed in the cells of the A549 cell line under study, we
performed RT-PCR with PPAR isotype-specific primers. As
shown in Fig. 1A, both genes encoding for PPARh and PPARg
were constitutively expressed. For control, the positive
expression of the housekeeping gene GAPDH was concomi-
tantly determined. Next, we analyzed whether the PPARg
mRNA determined in A549 cells was also expressed at the
protein level. We, therefore, permeabilized these cells and
stained them intracellularly with PPARg isoform-specific
polyclonal Ab. The immunofluorescence signals were deter-
mined by FACS analysis. As depicted in Fig. 1B, A549 cells
expressed PPARg protein in a constitutive manner. To verify
specific binding of the used anti-PPARg Ab, we totally blocked
the specific fluorescence signal with an excess of blocking
peptides specific for the used Ab (data not shown). Recently,.
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Fig. 2. PPARg agonists inhibit RSV-induced release of TNF-a and IL-1a from
A549 cells. Cells were pretreated for 30 min with 15d-PGJ2 (5–20 AM),
ciglitazone (10–30 AM), troglitazone (10–40 AM) or medium (control),
respectively. Then, cells were infected with RSV (m.o.i. = 3) and cultured in the
presence of the agonists for further 36 h. The release of TNF-a (A) and IL-1a
(B) was determined by ELISA. In case error bars are not visible, they are
smaller than symbols shown. (A) Results are means T SEM (n = 3); (B) results
are means T SEM (n = 5); *P < 0.01, vs. non-pretreated RSV-infected cells.
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in the course of chronic lung inflammation (Honda et al.,
2004). Therefore, we asked whether the expression of PPARg
might be modulated in RSV-infected A549 cells. As shown in
Fig. 1B, the epithelial cells infected with RSV expressed an
increased amount of PPARg (MFI = 13.3) compared to non-
infected cells (MFI = 10.8) 36 h postinfection. The percentage
of PPARg-expressing cells increased from the constitutive
level of 56% up to 81% following RSV infection.
Effect of PPARc agonists on RSV-induced release of TNF-a and
IL-1a
It has been shown that lung epithelial cells express the
proinflammatory cytokines TNF-a and IL-1a following RSV
infection (Monick et al., 2003; Patel et al., 1998; Jiang et al.,
1998a). To analyze whether the RSV-induced release of these
proinflammatory cytokines might be modulated by PPARg
agonists, prior to RSV infection, we pretreated A549 cells 30
min with the following agonists: the naturally occurring
compound 15d-PGJ2, a metabolite of prostaglandin D2, and
the synthetic TZD derivatives ciglitazone and troglitazone,
respectively. As shown in Fig. 2A, RSV infection of A549 cells
induced the secretion of 157 T 41 pg/ml TNF-a 36
h postinfection. Pretreatment of A549 cells with ciglitazone
(10–30 AM) and troglitazone (10–40 AM), respectively,
resulted in a significant inhibition of the RSV-induced release
of TNF-a. Both glitazones reduced the production of TNF-a in
a dose-dependent manner. As shown, pretreatment of the cells
with 30 AM ciglitazone and 40 AM troglitazone led to a nearly
100% decrease of RSV-induced TNF-a secretion. Furthermore,
the physiological PPARg ligand 15d-PGJ2 inhibited dose-
dependently (5–20 AM) the release of TNF-a. At a concen-
tration of 20 AM, the release of TNF-a from RSV-infected
A549 cells was totally blocked by 15d-PGJ2.
Similar to TNF-a, we observed no constitutive secretion of
IL-1a from A549 cells cultured for 36 h (Fig. 2B). However,
RSV-infected cells secreted up to 300 T 29 pg/ml IL-1a 36
h postinfection. Again, when cells were pretreated with the
PPARg agonists under study, the release of IL-1a from RSV-
infected cells was dose-dependently inhibited. The inhibition
of IL-1a secretion resembled the downregulated release of
TNF-a.
The PPARg agonists by themselves induced no significant
cell death (>3%) at the concentrations used (data not shown).
Only RSV-infected A549 cells exposed to 15d-PGJ2 at
concentrations higher than 30 AM showed an increased
cytotoxicity. The vehicle control (DMSO: 0.1–0.3% (v/v))
had no impact on the RSV-induced release of TNF-a and IL-
1a, respectively (data not shown).
Effect of PPARc agonists on RSV-induced expression of CXCL8
and CCL5
We and others observed a prominent release of the CXC
chemokine CXCL8 and the CC chemokine CCL5 from RSV-
infected lung epithelial cells (Arnold et al., 1994; Olzewska-Pazdrak et al., 1998). To assess whether chemokine expression
in RSV-infected A549 cell might be modulated by PPARg
agonists, we analyzed the amount of CXCL8 and CCL5
secreted by A549 cells post-RSV infection. As shown in Fig.
3A, the constitutive release of CXCL8 (12.5 T 0.7 ng/ml)
increased up to 23.0 T 3.5 ng/ml 36 h post-RSV infection. All
three PPARg agonists inhibited dose-dependently and in a
comparable manner the release of CXCL8. When cells were
pretreated with 20 AM of 15d-PGJ2 and 30 AM of glitazones,
respectively, the release of CXCL8 by RSV-infected cells was
reduced down to the constitutive secretion level.
In RSV-infected A549 cells, the synthesis of CXCL8
correlates with an elevated cellular amount of CXCL8 mRNA
(Arnold et al., 1994). In order to study whether the observed
diminished release of CXCL8 might be partly mediated via an
altered mRNA expression level, we performed real-time RT-
PCR. As shown in Fig. 3B, a reduction of the CXCL8-specific
mRNA level was observed in cells cultured in the presence of
the PPARg agonists 15d-PGJ2, ciglitazone and troglitazone,
Fig. 3. PPARg agonists inhibit RSV-induced expression of CXCL8 in A549
cells. (A) Cells were pretreated for 30 min with 15d-PGJ2 (10–20 AM),
ciglitazone (10–50 AM), troglitazone (10–50 AM) or medium (control),
respectively. Pretreated cells were infected with RSV (m.o.i. = 3) and cultured
in the presence of the agonists for further 36 h. The release of CXCL8 was
determined by ELISA. Prior to analysis, the prepared cell supernatants were
diluted 1:3. (B) In parallel, the cellular amount of mRNA encoding for CXCL8
was quantitatively determined by real-time RT-PCR. The cells were pretreated
with agonists or vehicle control (DMSO) for 30 min. Then, cells were infected
with RSV (m.o.i. = 3) and cultured for 36 h in the presence of the agonists.
Results are means T SEM (n = 3); in case error bars are not visible, they are
smaller than symbols shown; *P < 0.05 vs. non-pretreated RSV-infected cells;
**P < 0.01, vs. non-pretreated RSV-infected cells.
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three PPARg agonists downregulated the cellular amount of
CXCL8 mRNA in a dose-dependent manner. In contrast, the
vehicle control DMSO had no impact on the RSV-induced
CXCL8 mRNA level.
The constitutive secretion of CCL5 (280 T 28 pg/ml)
increased up to 670 T 60 pg/ml 36 h post-RSV infection (Fig.
4A). Again, all three PPARg agonists under study inhibited the
RSV-induced release of RANTES nearly to the constitutive
expression level when cells were pretreated with sufficient
amounts of agonists, i.e., 20 AM 15d-PGJ2 and 40 AM
glitazones, respectively. To analyze the observed influence of
PPARg agonists on CCL5 synthesis in more detail, we
analyzed the cellular amount of CCL5 mRNA by RT-PCR
and additionally determined it quantitatively by means of aCCL5-specific mRNA ELISA. As shown in Fig. 4B, the
reduced release of CCL5 by RSV-infected cells that were
pretreated with PPARg agonists was paralleled by a diminished
cellular mRNA level of CCL5. Similar to the analyzed CXCL8
mRNA level, the vehicle control DMSO did not modulate the
analyzed CCL5 mRNA level. These results were consolidated
by means of the quantitative determination of CCL5 mRNA
(Fig. 4C).
Effect of PPARc agonists on RSV-induced release of GM-CSF
and IL-6
To further investigate an immunomodulatory effect of the
PPARg agonists in the course of RSV infection, we analyzed
the release of the cytokines IL-6 and GM-CSF from A549 cells
36 h postinfection (Arnold et al., 1994; Elias et al., 1994). We
observed no constitutive secretion of the growth factor GM-
CSF (Fig. 5). However, RSV infection induced a prominent
increase of GM-SCF (540 T 77 pg/ml) in the cell supernatants
of infected cells. When sufficient amounts of 15d-PGJ2 and
ciglitazone were added prior to RSV infection, they inhibited
the release of GM-CSF nearly to the control level, i.e., at a
concentration of 20 AM 15d-PGJ2 and 30 AM ciglitazone,
respectively. By contrast, the TZD troglitazone was less
effective. At a concentration of 50 AM, troglitazone diminished
the RSV-induced amount of GM-CSF by approximately 75%.
The infection of A549 cells with RSV increased the
constitutive synthesis of IL-6 (150 T 18 pg/ml) up to 570 T
33 pg/ml (Fig. 6A). All three agonists inhibited the release of
IL-6 in a dose-dependent manner. However, in contrast to the
modulated release of GM-CSF, all three agonists differed with
respect to their inhibitory potential; the order of potency was:
15d-PGJ2 > ciglitazone > troglitazone.
When we analyzed the cellular amount of IL-6 mRNA by
real-time RT-PCR, the order of potency was less prominent
with respect to the agonists 15d-PGJ2 and ciglitazone (Fig. 6B).
At a concentration of 20 AM, both agonists diminished the
cellular amount of IL-6 mRNA in a comparable manner.
However, similar to the obtained IL-6 release data, the TZD
troglitazone was less efficient with regard to the reduction of
the cellular IL-6 mRNA amount. Again, the vehicle control
DMSO had no impact on the RSV-induced IL-6 mRNA level.
Taken together, when compared with 15d-PGJ2 and ciglita-
zone, respectively, troglitazone was less potent with regard to
the inhibition of the immunomodulators GM-CSF and IL-6,
respectively.
PPARc agonists diminish the RSV-induced release of IL-6 and
CCL5 from NHBE cells
The infection of NHBE cells with RSV led to the release of
high amounts of IL-6 and RANTES. Therefore, we asked
whether PPARg agonists are also able to inhibit the RSV-
induced release of these cytokines. For this purpose, NHBE
cells were treated with ciglitazone, troglitazone and the natural
ligand 15d-PGJ2 in an identical manner as A549 cells. The
NHBE cells, prepared from three different donors, differed
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level. In order to be able to compare the data, we normalized
them to the expression level of non-pretreated RSV-infected
NHBE cells, which was adjusted to 100%. Similar to A549
cells, the infection of NHBE cells led to a prominent release of
CCL5 and IL-6 (Figs. 7A and B). Furthermore, we observed a
constitutive release of IL-6. In contrast to A549 cells, CCL5
was not constitutively expressed in NHBE cells. In accordance
with A549 cells, all three PPARg agonists significantly
suppressed the release of CCL5 and IL-6 from RSV-infected
NHBE cells.Fig. 5. PPARg agonists inhibit RSV-induced release of GM-CSF from A549
cells. Cells were pretreated for 30 min with 15d-PGJ2 (5–20 AM), ciglitazone
(5–40 AM), troglitazone (5–50 AM) or medium (control), respectively. Then,
cells were infected with RSV (m.o.i. = 3) and cultured in the presence of the
agonists for further 36 h. The release of GM-CSF was determined by ELISA. In
case error bars are not visible, they are smaller than symbols shown. Results are
means T SEM (n = 6); *P < 0.01, vs. non-pretreated RSV-infected cells.Effect of PPARc agonists on RSV-induced activation of NF-jB
and c-fos
In RSV-infected lung epithelial cells, the activation of the
transcription factors NF-nB (Fiedler et al., 1996; Reimers et al.,
2005) and AP-1 (Casola et al., 2000) plays an important role.
Binding sites for these transcription factors were determined in
a variety of mediator genes analyzed in this study (Bitko et al.,
1997; Casola et al., 2001). Evidence accumulated that PPARg
agonists are able to interfere with the activity of the
transcription factors NF-nB and AP-1 (Ruan et al., 2003;
Straus et al., 2000; Pe˙rez-Sala et al., 2003; Khandoudi et al.,
2002). Thus, we asked whether the observed anti-inflammatory
capacity of PPARg agonists on RSV-infected epithelial cells
might be associated with a downregulation of NF-nB and c-fos
binding activity.Fig. 4. PPARg agonists inhibit RSV-induced expression of CCL5 in A549
cells. (A) Cells were pretreated for 30 min with 15d-PGJ2 (5–20 AM),
ciglitazone (5–40 AM), troglitazone (5–50 AM) or medium (control),
respectively. Pretreated cells were infected with RSV (m.o.i. = 3) and
cultured in the presence of the agonists for further 36 h. The release of CCL5
was determined by ELISA. Results are means T SEM (n = 3); in case error
bars are not visible, they are smaller than symbols shown; *P < 0.01, vs.
non-pretreated RSV-infected cells. (B) Cellular amount of mRNA encoding
for CCL5 and GAPDH was determined by RT-PCR. Cells were pretreated
with ciglitazone (5–50 AM), troglitazone (5–50 AM), 15d-PGJ2 (5–20 AM)
or vehicle (DMSO, 0.2% (v/v)) for 30 min. Then, cells were infected with
RSV (m.o.i. = 3) and cultured with agonists for 36 h. The top panels show
the cellular amount of mRNA encoding for CCL5 (239 bp) and GAPDH (307
bp). The bottom panel shows laser densitometry analysis of the CCL5 PCR
bands which were normalized to the expression of the housekeeping gene
GAPDH. Four independent experiments yielded similar results. (C) The
cellular amount of CCL5 mRNA was quantified 36 h postinfection by ELISA
technique. The cells were pretreated with agonists or vehicle control (DMSO,
0.3% (v/v)) for 30 min. Then, cells were infected with RSV (m.o.i. = 3) and
cultured with agonists for further 36 h. Results are means of two independent
experiments.
Fig. 7. PPARg agonists inhibit RSV-induced release of CCL5 and IL-6 from
NHBE cells. The cells were pretreated with agonists (ciglitazone (10 AM, 20
AM), troglitazone (10 AM, 20 AM) and 15d-PGJ2 (10 AM, 20 AM)) for 30 min
infected with RSV (m.o.i. = 3) and cultured in the presence of the agonists fo
another 36 h. The release of CCL5 (A) and IL-6 (B) was determined by ELISA
Results are means T SEM (n = 3) and are presented as percents of CCL5 and
IL-6 released from non-pretreated RSV-infected cells. Results are means T SEM
(n = 3); *P < 0.05, vs. non-pretreated RSV-infected cells; **P < 0.01, vs. non
pretreated RSV-infected cells.
Fig. 6. PPARg agonists inhibit RSV-induced expression of IL-6 in A549 cells.
(A) Cells were pretreated for 30 min with 15d-PGJ2 (5–20 AM), ciglitazone
(5–40 AM), troglitazone (5–50 AM) or medium (control), respectively.
Pretreated cells were infected with RSV (m.o.i. = 3) and cultured in the
presence of the agonists for 36 h. The release of IL-6 was determined by
ELISA. In case error bars are not visible, they are smaller than symbols shown.
Results are means T SEM (n = 6); *P < 0.01, vs. non-pretreated RSV-infected
cells. (B) In parallel, the cellular amount of mRNA encoding for IL-6 was
quantitatively determined by real-time RT-PCR. The cells were pretreated with
agonists or vehicle control (DMSO) for 30 min. Then, cells were infected with
RSV (m.o.i. = 3) and cultured with agonists for 36 h. Results are means T SEM
(n = 3); *P < 0.01, vs. non-pretreated RSV-infected cells.
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nBI (p50) in A549 cells by means of a quantitative NF-nB
binding assay. Since RSV activates NF-nB late during RSV
infection, the activation of NF-nB was determined 20
h postinfection. The analyzed binding activity of p50 and
p65 is presented in Figs. 8A and B. Both transcription factors
showed a significantly increased binding activity in RSV-
infected cells (black bars) when compared to non-infected cells
(white bars). By contrast, the RSV-induced binding activity of
p50 and p65 was markedly reduced to constitutive background
levels when cells were pretreated with the PPARg agonists
under study. The vehicle control DMSO had no impact on the
RSV-induced binding activity of NF-nB (Figs. 8A and B, gray
bars). Nuclear extracts prepared from activated Jurkat cells
(supplied by the manufacturer) served as an internal positive
control (Fig. 8C). Sequence specificity of the test wasmonitored by competition with free wild-type NF-nB consen-
sus oligonucleotides (wt) as well as mutated NF-nB consensus
oligonucleotides (mt). As shown, both protein DNA complexes
formed, that is, p65 and p50 were specific because soluble
oligonucleotides encoding for the wild-type NF-nB consensus
binding site significantly competed with the binding activity of
the titer plate bound DNA encoding for the NF-nB consensus
binding site (Fig. 8C: pos control + wt oligo). In contrast,
soluble oligonucleotides encoding for a mutated NF-nB-
consensus binding site did not compete with the immobilized
DNA for the binding of the activated transcription factors (Fig.
8C: pos control + mt oligo).
The transcription factor AP-1 forms a heterodimer consist-
ing of c-fos and c-jun. To analyze the RSV-induced activation
of the transcription factor AP-1, we determined the binding
activity of c-fos in A549 cells. As shown in Fig. 9, the binding
activity of c-fos was markedly increased following RSV
infection. However, when RSV-infected cells were pretreated




Fig. 9. PPARg agonists inhibit RSV-induced activation of c-fos. The binding
activity of c-fos in prepared nuclear extracts of A549 cells was measured using
the c-fos-specific Trans-AM transcription factor assay kit. Cells were pretreated
for 30 min with 15d-PGJ2 (5–20 AM), ciglitazone (5–50 AM), troglitazone
(5–50 AM) or medium (control), respectively. Then, cells were infected with
RSV (m.o.i. = 3) and cultured in the presence of the agonists for another 20 h.
Data are mean values of two independent experiments.
Fig. 8. PPARg agonists inhibit RSV-induced activation of NF-nB. The binding
activity of the NF-nB subunits Rel A (p65) and NF-nB1 (p50) in prepared
nuclear extracts of A549 cells was measured using the p65- and p50-specific
Trans-AM transcription factor assay kit. Cells were pretreated with the agonists
for 30 min, infected with RSV (m.o.i. = 3) and cultured in the presence of the
agonists for another 20 h. Prepared nuclear extracts were assayed for p50
activity (A) and p65 activity (B). Results are means T SEM (n = 3). Significant
differences from non-pretreated RSV-infected cells (black bars) are indicated by
*P < 0.01. (C) Control nuclear extracts supplied by the manufacturer served as
a positive control. To demonstrate specificity of the NF-nB binding assay, wild-
type (wt) and mutant (mt) NF-nB oligonucleotides were used as competitors
during the binding reaction. Results are means T SEM (n = 3). Significant
differences from positive controls are indicated by *P < 0.01.
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activation level in non-infected cells. The natural PPARg
agonists 15d-PGJ2 showed the strongest inhibition at a
concentration of 20 AM. A comparable downregulation of c-
fos binding activity was observed with both glitazones when
used at a concentration of 50 AM.
Discussion
We demonstrated in an in vitro infection model that RSV
infection increased the constitutive expression level of PPARg
in human lung epithelial cells. In addition, pretreatment of
RSV-infected cells with the natural PPARg agonists 15d-PGJ2
and the specific synthetic PPARg agonists ciglitazone and
troglitazone, respectively, suppressed the release (i) of the
proinflammatory cytokines IL-1a and TNF-a, (ii) of the
immunomodulatory cytokines GM-CSF and IL-6 and (iii) of
the chemokines CXCL8 and CCL5. Concomitantly, a reduced
cellular amount of IL-6, CXCL8 and CCL5 mRNA together
with a downregulated binding activity of the transcription
factors NF-nB and c-fos was observed.
In accordance with recently published results, we deter-
mined a constitutive expression of PPARh and PPARg in
human lung A549 cells by RT-PCR and FACS analysis
(Michael et al., 1997; Wang et al., 2001). The expression of
PPARg increased in RSV-infected A549 cells 36 h postinfec-
tion. Similarly, an increased PPARg level was described in
human asthmatic airways, and the intensity of PPARg
expression correlated with the severity of airflow obstruction
(Benayoun et al., 2001). Therefore, an increased expression of
PPARg seems to be an indicator of airway inflammation. Since
the replication of RSV is also inhibited by PPARg agonists
(manuscript in preparation), we suggest that A549 cells
upregulate PPARg expression in an auto-regulatory feedback
loop in order to counter-regulate lung inflammation and/or to
lower the viral burden. In contrast, it has been reported that
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PPARg for their own growth advantage (Tang and McLachlan,
2001; Otake et al., 2004). However, specific activation of
PPARg might also be used to inhibit HIV replication and TNF-
a synthesis in infected human macrophages (Hayes et al.,
2002; Skolnik et al., 2002).
Our data strongly suggest that PPARg agonists might inhibit
RSV-induced mediator release from human airway epithelial
cells. The release of the proinflammatory cytokines IL-1a and
TNF-a by RSV-infected epithelial cells is well documented
(Monick et al., 2003; Patel et al., 1998; Bitko et al., 1997;
Tsutsumi et al., 1999; Chang et al., 2003), and clinical studies
have demonstrated large amounts of TNF-a in the airways of
infants with RSV disease (Matsuda et al., 1995; McNamara et
al., 2004). Although TNF-a is important for the clearance of
virus-infected cells during the early stages of infection, it is a
dominant mediator of RSV-associated illness (Rutigliano and
Graham, 2004). Similar to TNF-a, IL-1a shows a broad range
of activity in the course of an ongoing RSV infection. We and
others observed that TNF-a and IL-1a enhanced the RSV-
induced expression of IL-8 and ICAM-1 in lung epithelial cells
in a paracrine and autocrine manner (Arnold and Ko¨nig, 1996;
Arnold et al., 1994; Patel et al., 1998). The release of IL-6 and
expression of MHC-I by RSV-infected epithelial cells is also
enhanced by IL-1a released by the infected cell (Garofalo et
al., 1996b; Jiang et al., 1998a). Taken together, our data
suggest that the inhibition of TNF-a and IL-1a might result in
a lowered paracrine/autocrine-mediated expression of ICAM-1,
MHC-I and other proinflammatory mediators in RSV-infected
epithelial cells.
The immunomodulatory cytokines GM-CSF and IL-6 are
able to differentiate and activate recruited immune effector
cells, i.e., neutrophils, eosinophils and monocytes. The RSV-
induced expression of both cytokines was downregulated
following pretreatment with PPARg agonists. One may
conclude that a reduced amount of IL-6 and GM-CSF might
coincide with a lower activation state of the recruited immune
effector cells. Similar to TNF-a, high concentrations of the
pleiotropic cytokine IL-6 were measured in the lungs of
ventilated infants suffering from RSV bronchiolitis (Matsuda et
al., 1995; McNamara et al., 2004). Furthermore, Hornsleth et
al. (1998) reported that IL-6/TNF-a ratios in nasopharyngeal
secretions from infants with RSV bronchiolitis correlated with
the severity of disease. Therefore, a downregulation of IL-6
and GM-CSF might be advantageous for the patient.
Recently, published studies have shown that the chemokines
CXCL8 and CCL5 are induced in respiratory secretions
collected from RSV-infected patients and that their amount
correlated with disease severity (Noah et al., 2002; Smith et al.,
2002). Moreover, Chung and Kim (2002) reported that CCL5
might be a predictive parameter of later development of
recurrent wheezing. We observed a reduced production of
CXCL8 and CCL5 by RSV-infected epithelial cells due to
pretreatment with 15d-PGJ2 and TZDs. These data are in line
with recently published results showing that cytokine-activated
A549 cells pretreated with 15d-PGJ2 and ciglitazone, respec-
tively, secreted less CXCL8 (Wang et al., 2001). Since CXCL8mainly activates and recruits neutrophils and CCL5 is strongly
chemotactic for monocytes, basophils and eosinophils, respec-
tively, our data suggest that PPARg agonists may lower the
prominent recruitment of the most important proinflammatory
immune effector cells into the RSV-infected lung (Aherne et
al., 1970). In this regard, Birrell et al. (2004) reported recently
that in a murine in vivo model of LPS-induced airway
inflammation the TZD rosiglitazone reduced the neutrophil
number in the lung tissue when administered after the LPS
insult. The biological relevance of our data obtained by
analyzing A549 cells was further substantiated by the observed
inhibition of IL-6 and CCL5 from RSV-infected NHBE cells.
In contrast to GM-CSF, TNF-a, IL-1a and CXCL8, these both
cytokines were released by RSV-infected NHBE cells in
sufficient amounts to demonstrate an unequivocal inhibition
by all three agonists under study. An unspecific reduction of
cytokine release due to increased cell cytotoxicity or reduced
cell proliferation can be excluded (data not shown).
The transcription factor NF-nB is one of the pivotal
regulators of proinflammatory gene expression, that is, it
induces the transcription of proinflammatory cytokines, che-
mokines and adhesion molecules. NF-nB constitutes a family
of inducible proteins that include RelA (p65), RelB, c-Rel and
the NF-nB1 (p50) and NF-nB2 (p52) subunits. The infection of
epithelial cells with RSV activates mainly NF-nB complexes
consisting of RelA/NF-nB1 (p65/p50) heterodimers (Garofalo
et al., 1996a). In addition to NF-nB, the activation of the
transcription factor AP-1 has been described in RSV-infected
lung epithelial cells (Mastronarde et al., 1998). Evidence
accumulated that PPARg agonists exert anti-inflammatory
activities by antagonizing the transcriptional activity of both
NF-nB and AP-1 (Ruan et al., 2003; Straus et al., 2000; Pe˙rez-
Sala et al., 2003; Khandoudi et al., 2002). We observed that
pretreatment of the cells with 15d-PGJ2 and the TZD
compounds ciglitazone and troglitazone, respectively, marked-
ly inhibited the RSV-induced binding activity of RelA (p65),
NF-nB1 (p50) and c-fos. That all soluble mediators under
study possess binding sites for these transcription factors in
their promoter region strongly suggests that the reduced
binding activity of these transcription factors might be at least
partly responsible for the diminished release of these media-
tors. The reduced cellular amount of IL-6, CXCL8 and CCL5
mRNA is in accordance with this notion. In human lung
epithelial cells, the replication of RSV leads to the activation of
NF-nB (Fiedler et al., 1996). Recently, Reimers et al. (2005)
reported that the viral protein M2-1 physically interacts with
NF-nB, thereby mediating a prolonged activation of NF-nB.
As a consequence, viral replication is a prerequisite for a
prolonged cytokine release from RSV-infected lung epithelial
cells (Jiang et al., 1998a; Miller et al., 2004). Therefore, our
observation that replication of RSV is inhibited by the PPARg
agonists under study (data not shown) might explain the
reduced binding activity of NF-nB and downregulated cytokine
response in agonist-treated cells. However, they do not
interfere with the infection process per se since agonists added
directly postinfection are still able to inhibit the viral
replication. Nevertheless, other regulatory mechanisms have
R. Arnold, W. Ko¨nig / Virology 346 (2006) 427–439 435to be taken into account, e.g., mRNA stability, regulation of
upstream signaling molecules (MAP kinases), and modulation
of other transcription factors (STATs) (Hoffmann et al., 2002;
Takeda et al., 2001; Chen et al., 2003). Moreover, since we
needed higher concentrations of PPARg agonists for cytokine
inhibition than those required for PPARg activation, one may
suggest that PPARg-independent processes might also be
involved.
Direct viral cytopathic damage and exaggerated inflamma-
tory host responses contribute to the signs and symptoms of
severe RSV infection. A hallmark of inflammation is the
redundancy of the cytokine network. Therefore, to inhibit
simultaneously the release of several proinflammatory and
immunomodulatory mediators, released from infected lung
epithelial cells, might be a powerful strategy to limit the
damage of the lung tissue. In this regard, our data presented
herein suggest that PPARg agonists, natural and synthetic




Human A549 pulmonary type II epithelial cells (passages
4–20) (American Type Culture Collection (ATCC), Rockville,
USA) were cultured in DMEM (4500 mg/l d-glucose),
supplemented with 2 mM glutamine, 5% (v/v) inactivated
FCS, streptomycin (100 Ag/ml) and penicillin (100 IU/ml)
(Gibco BRL, Karlsruhe, Germany). Cell culture plastic material
was used from Greiner Labortechnik (Frickenhausen, Ger-
many). Frozen vials of primary normal human bronchial
epithelial cells (NHBE) and the complete bronchial epithelial
cell growth medium (BEGM Bulletkit) were obtained from
Cambrex/Clonetics (Verviers, Belgium). NHBE cells were
cultured and expanded according to the instructions of the
manufacturer. Briefly, the NHBE cells were cultured in
complete BEGM medium (5 Ag/ml insulin, 0.5 Ag/ml
hydrocortisone, 10 Ag/ml transferrin, 6.5 ng/ml triiodothyro-
nine, 0.5 Ag/ml epinephrine, 0.5 ng/ml human epidermal
growth factor, 0.1 ng/ml retinoid acid, 50 Ag/ml gentamicin
and 52 Ag/ml bovine pituitary extract). To support cell
attachment and growth of NHBE cells, tissue culture flasks
and plastic plates were precoated with fibronectin (10 Ag/ml)
(Sigma, Deisenhofen, Germany) for 30 min at 37 -C. Cells of
passages 3–7 were seeded on 24-well plates and cultured until
confluency in complete medium. All cell cultures and prepared
virus stocks were free of mycoplasmic contamination routinely
verified by a commercially available mycoplasma detection kit
(Roche Diagnostics, Mannheim, Germany).
Virus growth and preparation
The Long strain of RSV (ATCC) was propagated and
titrated in HEp-2 cells (ATCC). The cells were cultured in
DMEM (5% FCS, 2 mM glutamine, streptomycin (100 Ag/
ml) and penicillin (100 U/ml)). For virus propagation,confluent monolayers were infected with RSV (m.o.i. = 0.1)
for 3 h in DMEM without FCS. The monolayers were
washed, overlaid with DMEM (0.5% FCS) and incubated at
37 -C in 5% CO2 atmosphere until the cytopathic effect
reached ¨80%. Thereafter, the supernatants were harvested,
and cellular debris was removed by centrifugation (5000  g,
10 min). RSV was concentrated by polyethylene glycol
precipitation (10%) and purified by means of discontinuous
sucrose gradient centrifugation (Ueba, 1978). To stabilize the
purified virus particles, they were resolved in 20% sucrose/
NT buffer (150 mM NaCl, 50 mM Tris–HCl, pH 7.5) and
stored at 80 -C.
RSV titration
For virus titration, prepared RSV stock solutions were
serially tenfold diluted onto confluent HEp-2 monolayers
cultured in 96-well flat-bottomed plates. The virus titer was
quantified using the microplaque immunoperoxidase method
(Cannon, 1987). Briefly, infected cells were cultured under
methyl cellulose. After 48 h, the monolayers were fixed with
paraformaldehyde (2%) and stained with mouse anti-P protein
mAb (clone: 3C4, kindly supplied by Dr. H. Werchau,
Department of Medical Virology, Ruhr-University, Bochum,
Germany). Bound Ab was visualized by a second staining
with HRP-conjugated rabbit anti-mouse immunoglobulins
(DAKO, Hamburg, Germany). The RSV plaques were
identified by colorimetric staining and counted microscopical-
ly. The stock titer of the used virus pool was 108 plaque
forming units (pfu)/ml.
Cell experiments
Epithelial cells grown in 24-well culture plates were washed
with basal medium, and PPARg agonists were added 30 min
prior to RSV infection. Compounds were stored in dimethyl-
sulfoxide (DMSO) at 80 -C. At the day of experiment, they
were freshly diluted in basal medium (DMEM or BEGM) and
added to the cells with a final DMSO concentration of 0.1–
0.3% (v/v). The cells were pretreated with varying doses of
ciglitazone (5–50 AM), troglitazone (5–50 AM) (Merck
Biosciences, Schwalbach, Germany), 15-deoxy-D12,14-prosta-
glandin J2 (15d-PGJ2) (5–20 AM) (Biomol, Hamburg, Ger-
many) and solvent (DMSO; 0.1–0.3% (v/v)), respectively, in a
volume of 1 ml. Thereafter, the medium was reduced to a
volume of 200 Al, and cells were infected with RSV (m.o.i. =
3) for 2 h still in the presence of the used PPARg agonists.
Then, cells were washed and incubated with medium (DMEM
(2% FCS) or supplemented BEGM in case of NHBE cells)
containing freshly supplied agonists for another 20 h or 36 h.
Thereafter, cells were detached and harvested as previously
described (Arnold et al., 1999b).
Cell cytotoxicity studies
Approximately 1  105 cells placed in 96-well flat-
bottomed plates were incubated with the agonists for 48 h.
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0.3% (v/v). According to the manufacturer, cell viability was
measured after 2 days culture time on a SpectraFluorPlus
Reader (Tecan, Crailsheim, Germany) using a modified 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay, designated as WST-1 assay (Roche Diagnostics).
Flow cytometry
Harvested cells were immediately stained for fluorescence-
activated cell sorter (FACS) analysis. The intracellular
expression of PPARg was determined by means of a
FACSCalibur (BD Biosciences, Heidelberg, Germany). By
using the Fix and Perm kit for intracellular staining (BD), the
cells were fixed and permeabilized according to the manufac-
turer’s instructions (Arnold et al., 2004). The binding of
unlabeled rabbit a-PPARg Abs (Cayman Chemical, Ann
Arbor, USA) was detected by secondary staining with PE-
labeled AffiniPure F(abV)2 fragment of goat anti-rabbit IgG
(H + L) (Dianova, Hamburg, Germany). Unspecific rabbit IgG
(Sigma) was used as primary Ab to determine background
staining. To verify specific binding of the used primary a-
PPARg Abs, we blocked antibody/protein complex formation
with commercially available PPARg blocking peptides (Cay-
man Chemical). As recommended by the manufacturer, prior
to cell staining, blocking peptides (0.5 mg/ml) were mixed
with Abs in a 1:1 (v/v) ratio and incubated for 60 min. Data
were analyzed by means of CellQuest software (BD). The
mean fluorescence intensity (MFI) of 10,000 cells was
determined and corrected by subtraction of background
fluorescence of isotype control.
Quantification of cytokines
The concentrations of cytokines in the harvested cell
supernatants were determined by enzyme-linked immunosor-
bent assay (ELISA). The ELISAs specific for IL-1a, IL-6,
TNF-a, GM-CSF and CCL5 were performed according to the
manufacturer’s instructions (R&D Systems, Wiesbaden-Nor-
denstadt, Germany). The concentration of CXCL8 was
determined as previously described (Arnold et al., 1999a).
RNA extraction and RT-PCR
The total cellular RNA from uninfected and RSV-infected
epithelial cells (5  105) was extracted using the QiAmp 96
viral RNA Biorobot kit (Qiagen, Du¨sseldorf, Germany) on the
Biorobot 3000 System from Qiagen. Reverse transcription
(RT)-PCR was performed with moloney murine leukemia virus
reverse transcriptase (MLV-RT) buffer components (Invitrogen,
Karlsruhe, Germany). Prepared total RNA (2 Ag) was added to
50 Al PCR reaction mix consisting of 50 mM Tris–HCl buffer
(pH 8.3), 3 mM MgCl2, 75 mM KCl, 10 mM DTT, 500 AM
dNTPs, 2 ng/Al oligo d(T)(12–18), 1 U/Al RNAase inhibitor
(Applied Biosystems, Foster City, USA) and 4 U/Al M-MLV
(Invitrogen). The synthesis of cDNA was performed at 37 -C
for 60 min. The cDNA was stored at 20 -C. Amplificationwas carried out with 2.5 Al of synthesized cDNA in a total
volume of 25 Al PCR containing 20 mM Tris–HCl (pH 8.3),
50mMKCl, 2 mMMgCl2, 400 AMdNTPs, 300 nM primers and
1.25 U Taq DNA polymerase. Primers specific for human
GAPDH, RANTES, PPARh and PPARg were synthesized by
Metabion (Planegg-Martinsried, Germany). We used the fol-
lowing primers for detection of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as an internal standard: forward 5V-
GGAGTCAACGGATTTGGTCGTAT-3V and reverse 5V-
AGCCTTCTCCATGGTGGTGAAGAC-3V; PCR product, 307
bp. The PCR was performed using an initial denaturation step at
95 -C for 5 min followed by 29 cycles at 95 -C for 60 s, 55 -C for
60 s and 72 -C for 60 s. The PCR was finished with the last
reaction step at 72 -C for 10 min. The cDNAwas stored at 4 -C.
All forward and reverse primers used for amplifying human
CCL5, PPARh and PPARg were based on published sequence
data (Wagner et al., 2001; Hase et al., 2002): CCL5 (forward 5V-
CTCATTGCTACTGCCCTCTGCGCTCCTGC-3V/reverse, 5V-
GCTCATCTCCAAAGAGTTGATGTAGTC-3V; PCR product,
239 bp), PPARh (forward 5V-AACTGCAGATGGGCTGTAAC-
3V/reverse 5V-GTCTCGATGTCGTGGATCAC-3V; PCR prod-
uct, 484 bp) and PPARg (forward 5V-TCTCTCCGTAATGGAA-
GACC-3V/reverse 5V-GCATTATGAGACATCCCCAC-3V; PCR
product, 474 bp). The amplification of CCL5 was initiated
with denaturation of cDNA for 5 min at 94 -C. Cycling
conditions were as follows: 25 cycles at 94 -C for 60 s, 55 -C
for 60 s and 72 -C for 60 s with a final amplification step at
72 -C for 7 min and final storage at 4 -C until stop. The
cDNA of PPARh and PPARg was denatured at 94 -C for 5
min, cycled with 94 -C for 40 s, 50 -C for 50 s and 72 -C for
50 s for 40 cycles. The amplification stopped with a step at 72
-C for 10 min. The PCR products were run on a 1.2% agarose
gel with DNA molecular weight marker XIV (100 bp ladder)
(Roche Diagnostics). Thereafter, adequacy of RNA loading
was determined by ethidium bromide staining and ultraviolet
illumination. Densitometry of the bands was carried out by
LumiImager F1 workstation equipped with LumiAnalyst 3.1
software (Roche Diagnostics).
Quantikine CCL5 mRNA ELISA and quantitative real-time
RT-PCR
The amount of CCL5 mRNA was determined by means of
Quantikine mRNA detection kit in accordance with the
manufacturer’s instructions (R&D Systems) (Arnold et al.,
2004). The amount of IL-6 and CXCL8 mRNA was
quantified by TaqMan real-time RT-PCR. By using the Gene
Amp 5700 Sequence Detector (Applied Biosystems), the
RNA (100 ng) was reverse transcribed to cDNA (2.5 Al) and
amplified in a volume of 25 Al by means of ABI TaqMan
Universal PCR Master Mix (Applied Biosystems) containing
specific primer pairs for GAPDH, IL-6 and CXCL8,
respectively, and the corresponding real-time PCR Fret
labeled probe (Biosource, Nivelles, Belgium). The reaction
components were mixed, and the amplification profile settled
according to the instructions of the manufacturer (Biosource).
Negative controls were carried out with water instead of
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diluted up to 105 served as positive control, validating that the
efficiencies of IL-6- and CXCL8 PCR were approximately
equal compared to GAPDH PCR. Expression of GAPDH
gene was not significantly altered during the time of
incubation with RSV, drugs and vehicle. Therefore, the
relative mRNA expression of each gene was normalized to
the level of GAPDH in the same RNA preparation, that is, the
comparative CT method was used to analyze the relative
quantities of ICAM-1 in cell samples. The relative RNA
amount was calculated by using the following equation:
2DDCT were DDCT = DCT,q  CT,cb. CT is defined as the CT
value for ICAM-1 minus the CT value for GAPDH for a
given sample, q is the unknown sample, and cb is the
calibrator (non-infected sample).
NF-jB and c-fos binding activity
The binding activity of both the NF-nB subunits Rel A
(p65) and NF-nB1 (p50) and of c-fos was measured by using
specific Trans-AM transcription factor assay kits (Active
Motif Europe, Rixensart, Belgium) as previously described
(Arnold et al., 2004). Briefly, DNA encoding for the NF-nB
consensus binding site and AP-1 binding site, respectively,
was bound to microtiter plates. The binding of active forms of
p65, p50 and c-fos to this immobilized DNA was revealed by
incubation with NF-nB- or c-fos-specific antibodies using
ELISA technology. Nuclear extracts were assayed for p65, p50
and c-fos binding activity. Optical density was determined at
450 nm.
Statistics
If not stated otherwise, all data were expressed as the mean T
SEM. For statistical significance, analysis of data was performed
using Student’s t test (two-sided). A value of P < 0.05 was
considered significant.
Acknowledgment
The authors wish to thank Ms. Bettina Polte for her
excellent technical assistance in all the performed experiments.
References
Aherne, W., Bird, T., Court, S., Gardner, P., McQuillin, J., 1970. Pathological
changes in virus infections of the lower respiratory tract in children. J. Clin.
Pathol. 23, 7–18.
Arnold, R., Ko¨nig, W., 1996. ICAM-1 expression and low molecular weight G
protein activation of human bronchial epithelial cells (A549) infected with
RSV. J. Leukocyte Biol. 60, 766–771.
Arnold, R., Ko¨nig, W., 2005. Respiratory syncytial virus infection of human
lung endothelial cells enhances selectively intercellular adhesion molecule-
1 expression. J. Immunol. 174, 7359–7367.
Arnold, R., Humbert, B., Werchau, H., Gallati, H., Ko¨nig, W., 1994.
Interleukin-8, interleukin-6, and soluble tumour necrosis factor receptor
type I release from a human pulmonary epithelial cell line (A549) exposed
to respiratory syncytial virus. Immunology 82, 126–133.
Arnold, R., Rihoux, J.P., Ko¨nig, W., 1999a. Cetirizine counter-regulatesinterleukin-8 release from human epithelial cells (A549). Clin. Exp. Allergy
29, 1681–1691.
Arnold, R., Seifert, M., Asadullah, K., Volk, H.D., 1999b. Crosstalk between
keratinocytes and T lymphocytes via Fas/FasL interaction: modulation by
cytokines. J. Immunol. 162, 7140–7747.
Arnold, R., Ko¨nig, B., Werchau, H., Ko¨nig, W., 2004. RSV deficient in soluble
G protein induced an increased proinflammatory response in human lung
epithelial cells. Virology 330, 384–397.
Benayoun, L., Letuve, S., Druilhe, A., Boczkowski, J., Dombret, M.-C.,
Mechighel, P., Megret, J., Leseche, G., Aubier, M., Petrolani, M., 2001.
Regulation of peroxisome proliferator-activated receptor g expression in
human asthmatic airways. Am. J. Respir. Crit. Care Med. 164, 1487–1494.
Birrell, M.A., Patel, H.J., McCluskie, K., Wong, S., Leonard, T., Yacoub, M.H.,
Belvisi, M.G., 2004. PPARg agonists as therapy for diseases involving
airway neutrophilia. Eur. Respir. J. 24, 18–23.
Bitko, V., Velazquez, A., Yang, L., Yang, Y.C., Barik, S., 1997. Transcriptional
induction of multiple cytokines by human respiratory syncytial virus
requires activation of NF-nB and is inhibited by sodium salicylate and
aspirin. Virology 232, 369–378.
Cannon, M.J., 1987. Microplaque immunoperoxidase detection of infectious
respiratory syncytial virus in the lungs of infected mice. J. Virol. Methods
16, 293–301.
Casola, A., Garofalo, R.P., Jamaluddin, M., Vlahopoulos, S., Brasier,
A.R., 2000. Requirement of a novel upstream response element in
respiratory syncytial virus-induced IL-8 gene expression. J. Immunol.
164, 5944–5951.
Casola, A., Garofalo, R.P., Haeberle, H., Elliott, T.F., Lin, R., Jamaluddin, M.,
Brasier, A.R., 2001. Multiple cis regulatory elements control RANTES
promoter activity in alveolar epithelial cells infected with respiratory
syncytial virus. J. Virol. 75, 6428–6439.
Chang, C.H., Huang, Y., Anderson, R., 2003. Activation of vascular endothelial
cells by IL-1alpha released by epithelial cells infected with respiratory
syncytial virus. Cell. Immunol. 221, 37–41.
Chen, C.-W., Chang, Y.-H., Tsi, C.-J., Lin, W.-W., 2003. Inhibition of IFN-g-
mediated inducible nitric oxide synthase induction by the peroxisome
proliferator-activated receptor g agonist, 15-Deoxy-D12,14-prostaglandin J2,
involves inhibition of the upstream Janus kinase/STAT1 signaling pathway.
J. Immunol. 171, 979–988.
Chung, H.L., Kim, S.G., 2002. RANTES may be a predictive of later recurrent
wheezing after respiratory syncytial virus bronchiolitis in infants. Ann.
Allergy, Asthma, & Immun. 88, 463–467.
Clark, R.B., 2002. The role of PPARs in inflammation and immunity.
J. Leukocyte Biol. 71, 388–400.
Conzelmann, K.-K., 2005. Transcriptional activation of alpha/beta interferon
genes: interference by nonsegmented negative-strand RNAviruses. J. Virol.
79, 5241–5248.
Daynes, R.A., Jones, D.J., 2002. Emerging roles of PPARs in inflammation and
immunity. Nat. Rev. 2, 748–759.
Elias, J.A., Zheng, T., Einarsson, O., Landry, M., Trow, T., Rebert, N., Panuska,
P., 1994. Epithelial interleukin-11 regulation by cytokines, respiratory
syncytial virus, and retinoic acid. J. Biol. Chem. 269, 22261–22268.
Evans, R.M., 1988. The steroid and thyroid hormone receptor superfamily.
Science 140, 889–895.
Fiedler, M.A., Wernke-Dollries, K., Stark, J.M., 1996. Inhibition of viral
replication reverses respiratory syncytial virus-induced NF-nB activation
and interleukin-8 gene expression in A549 cells. J. Virol. 70, 9079–9082.
Garofalo, R.P., Haeberle, H., 2000. Epithelial regulation of innate immunity to
respiratory syncytial virus. Am. J. Respir. Cell Mol. Biol. 23, 581–585.
Garofalo, R., Sabry, M., Jammaluddin, M., Yu, R.K., Casola, A., Ogra, P.L.,
Brasier, A.R., 1996a. Transcriptional activation of the interleukin-8 gene by
respiratory syncytial virus infection in alveolar epithelial cells: nuclear
translocation of the RelA transcription factor as a mechanism producing
airway mucosal inflammation. J. Virol. 70, 8773–8781.
Garofalo, R., Mei, F., Espejo, R., Ye, G., Haeberle, H., Baron, S., Ogra, P.L.,
Reyes, V.E., 1996b. Respiratory syncytial virus infection of human
respiratory epithelial cells upregulates class I MHC expression through
the induction of IFN-h and IL-1a. J. Immunol. 157, 2506–2513.
Genovese, T., Cuzzocrea, S., Di Paola, R., Mazzon, E., Mastruzzo, C.,
R. Arnold, W. Ko¨nig / Virology 346 (2006) 427–439438Catalano, P., Sortino, M., Crimi, N., Caputi, A.P., Thiemermann, C.,
Vancheri, C., 2005. Effect of rosiglitazone and 15-deoxy-D12,14-prostaglan-
din J2 on bleomycin-induced lung injury. Eur. Respir. J. 25, 225–234.
Hall, C.B., 2001. Respiratory syncytial virus and parainfluenza virus. N. Engl.
J. Med. 344, 1917–1928.
Hase, T., Yoshimura, R., Mitsuhashi, M., Segawa, Y., Kawahito, Y., Wada, S.,
Nakatani, T., Sano, H., 2002. Expression of peroxisome proliferator-
activated receptors in human testicular cancer and growth inhibition by its
agonists. Urology 60, 542–547.
Hayes, M.M., Lane, B.R., King, S.R., Markovitz, D.M., Coffey, M.J., 2002.
Peroxisome proliferator-activated receptor g agonists inhibit HIV-1
replication in macrophages by transcriptional and post-transcriptional
effects. J. Biol. Chem. 277, 16913–16919.
Hoffmann, E., Dittrich-Breiholz, O., Holtmann, H., Kracht, M., 2002. Multiple
control of interleukin-8 gene expression. J. Leukocyte Biol. 72, 847–855.
Honda, K., Marquillies, P., Capron, M., Dombrowicz, D., 2004. Peroxisome
proliferator-activated receptor g is expressed in airways and inhibits
features of airway remodeling in a mouse asthma model. J. Allergy Clin.
Immunol. 113, 882–888.
Hornsleth, A., Klug, B., Nir, M., Johansen, J., Hansen, K.S., Christensen, L.S.,
Larsen, L.B., 1998. Severity of respiratory syncytial virus disease related to
type and genotype of virus and to cytokine values in nasopharyngeal
secretions. Pediatr. Infect. Dis. J. 17, 1114–1121.
Hornsleth, A., Loland, L., Larsen, L.B., 2001. Cytokines and chemokines in
respiratory secretion and severity of disease in infants with respiratory
syncytial virus (RSV) infection. J. Clin. Virol. 21, 163–170.
IMPACT-RSV Study Group, 1998. Palivizumab, a humanised respiratory
syncytial virus monoclonal antibody, reduces hospitalisation from respira-
tory syncytial virus infection in high-risk infants. Pediatrics 102, 531–537.
Jiang, Z., Kunimoto, M., Patel, J.A., 1998a. Autocrine regulation and expe-
rimental modulation of interleukin-6 expression by human pulmonary
epithelial cells infected with respiratory syncytial virus. J. Virol. 72,
2496–2499.
Jiang, C., Ting, A.T., Seed, B., 1998b. PPAR-g agonists inhibit production of
monocyte inflammatory cytokines. Nature 391, 82–86.
Khandoudi, N., Delerive, P., Berrebi-Bertrand, I., Buckingham, R.E., Staels,
B., Bril, A., 2002. Rosiglitazone, a peroxisome proliferator-activated
receptor g, inhibits the Jun NH2-terminal kinase/activating protein 1
pathway and protects the heart from ischemia/reperfusion injury. Diabetes
51, 1507–1514.
Kimpen, J.L., 2001. Management of respiratory syncytial virus infection. Curr.
Opin. Infect. Dis. 14, 323–328.
Kneyber, M.C.J., Moll, H.A., de Groot, R., 2000. Treatment and prevention of
respiratory syncytial virus infection. Eur. J. Pediatr. 159, 399–411.
Lee, C.-H., Olson, P., Evans, R.M., 2003. Minireview: lipid metabolism,
metabolic diseases, and peroxisome proliferator-activated receptors. Endo-
crinology 144, 2201–2207.
Marx, N., Mach, F., Sauty, A., Leung, J.H., Sarafi, M.N., Ransohoff, R.M.,
Libby, P., Plutzky, J., Luster, A.D., 2000. Peroxisome proliferator-
activated receptor-g activators inhibit IFN-g-induced expression of the
T cell-active CXC chemokines IP-10, Mig, and I-TAC in human
endothelial cells. J. Immunol. 164, 6503–6508.
Mastronarde, J.G., Monick, M.M., Mukaida, N., Matsshima, K., Hunninghake,
G.W., 1998. Activator protein-1 is the preferred transcription factor for
cooperative interaction with nuclear factor-kappaB in respiratory syncytial
virus-induced interleukin-8 gene expression in airway epithelium. J. Infect.
Dis. 177, 1275–1281.
Matsuda, K., Tsutsumi, H., Okamoto, Y., Chiba, C., 1995. Development of
interleukin 6 and tumor necrosis factor alpha activity in nasopharyngeal
secretions of infants and children during infection with respiratory syncytial
virus. Clin. Diagn. Lab. Immunol. 2, 322–324.
McNamara, P.S., Flanagan, B.F., Selby, A.M., Hart, C.A., Smyth, R.L., 2004.
Pro- and anti-inflammatory responses in respiratory syncytial virus
bronchiolitis. Eur. Respir. J. 23, 106–112.
Michael, L., Lazar, M., Mendelson, C., 1997. Peroxisome proliferator-activated
receptor gamma1 expression is induced during cyclic adenosine monopho-
sphate-stimulated differentiation of alveolar type II pneumonocytes.
Endocrinology 138, 3695–3703.Miller, A.L., Bowlin, T.L., Lukacs, N.W., 2004. Respiratory syncytial virus-
induced chemokine production: linking viral replication to chemokine
production in vitro and in vivo. J. Infect. Dis. 189, 1419–1430.
Monick, M.M., Yarovinsky, T.O., Powers, L.S., Butler, N.S., Carter, A.B.,
Gudmundsson, G., Hunninghake, G.W., 2003. Respiratory syncytial
virus up-regulates TLR4 and sensitizes airway epithelial cells to
endotoxin. J. Biol. Chem. 278, 53035–53044.
Noah, T.L., Becker, S., 1993. Respiratory syncytial virus-induced cytokine
production by a human bronchial epithelial cell line. Am. J. Physiol. 265,
472–478.
Noah, T.L., Ivins, S.S., Murphy, P., Kazachkova, I., Moats-Staats, B.,
Henderson, F.W., 2002. Chemokines and inflammation in the nasal
passages of infants with respiratory syncytial virus bronchiolitis. Clin.
Immunol. 104, 86–95.
Olzewska-Pazdrak, B., Casola, A., Saito, T., Alam, R., Crowe, S.E., Mei, F.,
Ogra, P.L., Garofalo, R.P., 1998. Cell-specific expression of Rantes, MCP-
1, and MIP-1a by lower airway epithelial cells and eosinophils infected
with respiratory syncytial virus. J. Virol. 72, 4756–4764.
Otake, K., Omoto, S., Yamamoto, T., Okuyama, H., Okada, H., Okada,
N., Kawai, M., Saksena, N.K., Fujii, Y.R., 2004. HIV-1 Nef protein
in the nucleus influences adipogenesis as well as viral transcription
through the peroxisome proliferator-activated complexes. AIDS 23,
189–198.
Patel, J.A., Jiang, Z., Nakajima, N., Kunimoto, M., 1998. Autocrine regulation
of interleukin-8 by interleukin-1a in respiratory syncytial virus-infected
pulmonary epithelial cells in vitro. Immunology 95, 501–506.
Pe˙rez-Sala, D., Cernuda-Morollo´n, E., Canˇada, F.J., 2003. Molecular basis for
the direct inhibition of AP-1 DNA binding by 15-Deoxy-D12,14-prostaglan-
din J2. J. Biol. Chem. 278, 51251–51260.
Reimers, K., Bucholz, K., Werchau, H., 2005. Respiratory syncytial virus M2-1
protein induces the activation of nuclear factor kappa B. Virology 331,
260–268.
Ruan, H., Pownall, H.J., Lodish, H.F., 2003. Troglitazone antagonizes tumor
necrosis factor-a-induced reprogramming of adipocyte gene expression by
inhibiting the transcriptional regulatory functions of NF-nB. J. Biol. Chem.
278, 28181–28192.
Rutigliano, J.A., Graham, B.S., 2004. Prolonged production of TNFa
exacerbates illness during respiratory syncytial virus infection. J. Immunol.
173, 3408–3417.
Skolnik, P.R., Rabbi, M.F., Mathys, J.M., Greenberg, A.S., 2002. Stimula-
tion of peroxisome proliferator-activated receptors alpha and gamma
blocks HIV-1 replication and TNFalpha production in acutely infected
primary blood cells, chronically infected U1 cells, and alveolar
macrophages from HIV-infected subjects. J. Acquir. Immune Defic. Syndr.
31, 1–10.
Smith, R.L., Mobbs, K.J., O’Hea, U., Ashby, D., Hart, C.A., 2002. Respiratory
syncytial virus bronchiolitis: disease severity, interleukin-8, and virus
genotype. Pediatr. Pulmonol. 33, 339–346.
Straus, D.S., Pascual, G., Li, M., Welch, J.S., Ricote, M., Hsiang, C.-H.,
Sengchanthalangsy, L.L., Gosh, G., Glass, C.K., 2000. 15-Deoxy-D12,14-
prostaglandin J2 inhibits multiple steps in the NF-nB signaling pathway.
Proc. Natl. Acad. Sci. U.S.A. 97, 4844–4849.
Takeda, K., Ichiki, T., Tokunou, T., Iino, N., Takeshita, A., 2001. 15-deoxy-
D12,14-prostaglandin J2, and thiazolidinediones activate the MEK/ERK
pathway through phosphatidylinositol 3-kinase in vascular smooth muscle
cells. J. Biol. Chem. 276, 48950–48955.
Tang, H., McLachlan, A., 2001. Transcriptional regulation of hepatitis B virus
by nuclear hormone receptors is a critical determinant of viral tropism. Proc.
Natl. Acad. Sci. U.S.A. 98, 1841–1846.
Tripp, R.A., Jones, L.P., Haynes, L.M., Zheng, H., Murphy, P.M., Anderson,
L.J., 2001. CX3C chemokine mimicry by respiratory syncytial virus G
glycoprotein. Nat. Immunol. 2, 732–738.
Tsutsumi, H., Takeuchi, R., Ohsaki, M., Seki, K., Chiba, S., 1999. Respiratory
syncytial virus infection of human respiratory epithelial cells enhances
inducible nitric oxide synthase gene expression. J. Leukocyte Biol. 66,
99–104.
Ueba, O., 1978. Respiratory syncytial virus. I. Concentration and purification of
the infectious virus. Acta Med. Okayama 32, 265–272.
R. Arnold, W. Ko¨nig / Virology 346 (2006) 427–439 439Wagner, A.H., Schroeter, M.R., Hecker, M., 2001. 17-h-estradiol inhibition of
NADPH oxidase expression in human endothelial cells. FASEB J. 15,
2121–2130.
Wang, A.C.C., Dai, X., Luu, B., Conrad, D.J., 2001. Peroxisome proliferator-
activated receptor-g regulates airway epithelial cell activation. Am. J.
Respir. Cell Mol. Biol. 24, 688–693.
Welliver, R.C., Garofalo, R.P., Ogra, P.L., 2002. Beta-chemokines, but neitherT helper type 1 nor T helper type 2 cytokines, correlate with severity of
illness during respiratory syncytial virus infection. Pediatr. Infect. Dis. J.
21, 457–461.
Woerly, G., Honda, K., Loyens, M., Papin, J.-P., Auwerx, J., Staels, B.,
Capron, M., Dombrowicz, D., 2003. Peroxisome proliferator-activated
receptors a and g down-regulate allergic inflammation and eosinophil
activation. J. Exp. Med. 198, 411–421.
